Background. Telomeres in Drosophila melanogaster are similar to those of other eukaryotes in terms of their function, although they are formed by non-LTR retrotransposons instead of telomerase-based short repeats. The length of the telomeres in Drosophila depends on the number of copies of these transposable elements. A dominant mutation, Tel1, causes a several-fold elongation of telomeres.
The genomic reads were also assembled de novo by two methods. First, in CLC Genomics 131 Workbench 4.8 using parameters of Min distance = 150, Max distance = 2000 which generated 132 the highest N50 for Tel (28.8 kb). Then in ABySS 1.2.3 (Simpson et al. 2009 ) a range of kmers 133 from 25-65 was tested using the Tel sequence, with a kmer setting of 45 generating the highest 134 N50 (45.3 kb). This setting was subsequently used for both genomic assemblies; all other ABySS 135 settings were default.
136 Variant detection 137 SNPs and indels (referred to as deletion insertion polymorphisms, DIPs, by CLC Genomics 138 Workbench) were identified from mapped reads in comparison to the reference genome by two 139 methods. First, using CLC Genomics Workbench 4.8 with the SNP and DIP Detection tools at 140 default settings. Separately, the bwa assemblies were imported into CLC as bam files, and both 141 SNP and indel detection were performed on these assemblies as above. As this software is not 142 trained for detecting large indels (>5 bp), we scanned a large mapped region of 79 kb (chr3R: 143 15,151,000 -15,230,000) manually and identified additional indels, which had not been detected 144 by the CLC software. To complement this SNP/indel analysis by CLC, the same assemblies 145 (CLC and bwa) were also analyzed for SNPs and indels using the pileup program of SAMtools 146 1.6 (Li et al. 2009 ).
147
Separately, the contigs spanning the 79 kb region of interest were extracted from each of the 148 de novo assemblies and were aligned to the corresponding reference region with MAFFT 6.849 149 (Neron et al. 2009 ) and manually inspected for indels. 150 Comparison to DGRP data 151 Files containing the SNPs identified in 162 DGRP (Mackay e2012) lines on chr3R were 152 downloaded (Freeze 1, August 2010 release; http://www.hgsc.bcm.tmc.edu/content/drosophila-153 genetic-reference-panel) and the chromosomal coordinates of those 159 strains of normal 154 telomere length were compared with the SNPs identified in the Tel genome assembly (SNPs 155 identified by either CLC or pileup). Any SNP identified in the Tel genome that was also 156 identified in the SNP collection from DGRP was ruled out as possibly causing the Tel 157 phenotype.
158
As there was no indel data for DGRP lines in Freeze 1, each indel found in the Tel genome 159 assembly, as described above, was compared to the DGRP data. For a subset of eight DGRP 160 lines the Illumina fastq sequence was downloaded from SRA (SRP000694, Lines 40, 85, 177, 161 321, 352, 405, 426, 802), imported into CLC Genomics Workbench and assembled to the chr3R 162 reference as above, and indel detection was performed. Any indel identified in the Tel genome 163 and also found in one or more of these DGRP lines was ruled out as potentially causative. For 164 the indels discovered by manual inspection of both the Tel assembly to reference and the Tel de 165 novo assemblies a separate local de novo assembly strategy was used for comparison to a subset 166 of the DGRP population. Using 200-300 bp of reference sequence around a candidate indel as 167 bait, BLAT (Kent 2002 ) was used to identify individual reads covering this region from the fasta 168 sequence of a given DGRP line. These reads were then extracted, assembled and compared to 169 both the Tel and reference sequences. Any manually identified indel also found in one or more of 170 these DGRP lines was ruled out as a candidate mutation. 
RESULTS
244 Transposase induced male recombination mapping 245 As there is no meiotic recombination in Drosophila males, it is possible to identify site-specific 246 recombination events generated by transposable elements that transpose by a cut-and-paste 247 mechanism and leave a double strand DNA break in their wake (Chen et Table 1 ). The physical location is 264 3R:15,151,940 to 15,467,496, a region of 316 kb. This region showed a surprising paucity of P 265 element insertions.
266
As new P element insertions became available, we used three transposons lying within this 267 316 kb region (Table 1 , Round 2; Figure 1A ). All three st-bearing recombinant chromosomes 268 generated using P element insertion d10097 showed telomere elongation from generation 0 to 269 12, whereas the three ca-bearing recombinant chromosomes from the same P element did not 270 show significant telomere elongation ( Figure 1B ). Thus, Tel 1 lies to the left of this P element 271 insertion (3R:15,229,135). Similar results were obtained for recombinants from P element 272 insertions EY10678 and d03320 (see Figure S1 ), both of which are to the right of d10097 ( Figure  273 1A ). These results mapped Tel to 3R: 15,151,940 to 15,229,135, a region of ~77 kb. 274 Minos elements were also used to induce recombination (Table 1) , although Minos elements had 275 not previously been shown to induce recombination in males. Two Minos insertions, MB02141 276 and MB0163, lying to the right of d10097 in the 316 kb region showed similar results (see Figure  277 S1 ), indicating that they are situated to the right of Tel 1 as expected. Two Minos insertions in the 278 77 kb region were selected for further mapping studies (Table 1 , Round 3; Figure 1 ). Even after 279 heat shock, these Minos elements generated only a few recombinant males. We obtained only 280 one st-bearing recombinant chromosome from each of these Minos transposons (Table 1 ). The st 281 recombinants for MI03112 and MI02316 showed no evidence of telomere elongation from 282 generation zero through twelve ( Figure 1B ). This result eliminated the region to the left of 283 MI02316 as containing Tel 1 and mapped Tel 1 to a 15 kb region (3R:15,214,101 to 15,229,135).
284 Telomere length in transposon insertion lines 285 We measured relative HeT-A copy number in the transposon lines used to induce site-specific 286 recombination. Q-PCR analysis showed that all of the lines, except one bearing MB09416, had 287 telomeres comparable in length to the Oregon R control (Figure 2 ). The relative HeT-A copy 288 number in the MB09416 insertion stock was highly elevated and similar to that of Tel 1 . The 289 MB09416 Minos element is inserted at 3R:15,224,448, which is in intron 8 of Ino80, and within 290 the 15 kb Tel 1 region identified above. As it is likely that the high HeT-A copy number in this 291 line might interfere with the ability to observe an increase in telomere length, this transposon was 292 not used in the mapping of Tel 1 . It is also possible that genome of the MB09416 line carries a 293 genetic factor, either at the insertion site or elsewhere, that has a phenotype similar to that of Tel 1 294 and might therefore confound the analysis.
295 Effect of Tel copy number on telomere length 296 Different deficiencies and duplications spanning region 92A3 ( Figure 3A) , where Tel was 297 mapped, were analyzed for an effect on telomere length by measuring relative HeT-A copy 298 number by Q-PCR in the respective stocks. None of the deficiency and duplication stocks 299 showed longer telomeres ( Figure 3B ). Thus, it appears that neither a 50% increase nor a 50% 300 decrease in copy number of the region around Tel had an effect on telomere length. 302 The genomes of the three strains Tel, y 1 w 1 and E(tc) were sequenced using the Illumina GAIIx 303 platform. As Tel 1 appeared in a wild-caught strain that had not been outbred to any laboratory 304 flies , there was no useful wild type control. E(tc), however, appeared in a y 1 305 w 1 laboratory stock (Melnikova and Georgiev 2002); we therefore used a y 1 w 1 stock as a wild 306 type control. Upon sequencing, the E(tc) genome appeared to be highly heterozygous. We 307 therefore assumed the stock was contaminated and did not pursue it further. The other two stocks 308 were sequenced to 48X and 55X coverage, respectively. Both genomes were assembled to 309 reference using CLC Genomics Workbench and bwa. Also, two de novo assemblies, using CLC 310 Genomics Workbench and ABySS, were generated. Concurrently with the Minos transposon 311 recombination mapping, a 79 kb genomic region of 3R: 15,151,000 to 15,230,000, roughly the 312 region between inserts 05151 and d10097, extended slightly on either end, was analyzed for SNP 313 and indel variations with the above assemblies ( Figure S2 (Table 2) . These large indels, present 322 in the Tel 1 genome but not in y 1 w 1 , were analyzed by PCR with primers flanking these indels 323 and by Sanger sequencing of PCR products (Supplementary results, see Figure S4 ). A limitation 324 of the assembly to reference strategy for variant identification is that potential novel insertions 325 not present in the reference sequence will not be detected by this approach. To search for such 326 variations, we aligned the de novo assemblies of the Tel 1 genome to the reference. Manually 327 scanning this alignment identified an additional 14 insertions not found by the above methods 328 (Table 2) . 330 To differentiate natural polymorphisms among these remaining SNP and indel variations found 331 in the Tel 1 genome, we compared them with the genomes available from the DGRP (Mackay et 332 al. 2012), a collection of wild-caught, inbred Drosophila strains whose genomes have been 333 sequenced. Our hypothesis is that if any variant found in the Tel 1 genome is also found in a 334 DGRP line having normal length telomeres that variant can be ruled out as causing the Tel 335 phenotype. As a first step, all DGRP lines were tested for relative HeT-A copy number as a proxy 336 for telomere length. The HeT-A copy number data for these strains fit a log-normal distribution, 337 with three outliers that had copy numbers higher than the Tel 1 strain (Figure 4) . These three lines, 338 RAL-161, -703 and -882, have been excluded from the following discussion and described 339 elsewhere ).
SNP and indel identification
). Within this region, there were 626 314 SNPs and 88 indels identified on the Tel 1 chromosome compared to the reference using the CLC 315 Genomics SNP and DIP Detection analysis (Table 2). A similar number of variations (586 SNPs 316 and 80 indels) were also found in the y 1 w 1 control strain. After eliminating common variations 317 between Tel and y 1 w 1 in this region, we are left with 332 SNPs and 53 indels that appear to be 318 unique to the Tel 1 genome in this 79 kb region.
Comparison of variations to DGRP data

340
As the remaining DGRP lines have what we consider to be normal telomere length, close to 341 that found in the Oregon R control, the SNPs identified from Freeze1 (August 2010) of the 342 DGRP lines (Mackay et al. 2012 ) were compared to the SNPs in the Tel 1 genome identified by 343 the CLC SNP detection software. All the SNPs found in the 79 kb region around Tel 1 were also 344 found in the DGRP lines (Table 2) Figure 5 ) and suggests that Tel 1 could be acting to alter the expression of other 358 transcripts near or within the Ino80 locus. The UCSC Genome browser map for this 15 kb region 359 was examined for sequence conservation among Drosophila species and other insect species. 360 This analysis showed that, even though the candidate Tel 1 mutation is noncoding, it is in a well-361 conserved region, similar in the level of conservation to neighboring coding regions (see Figure  362 S3 ). The transposon insertion site of MB09416, which is carried in a strain with elongated 363 telomeres, however is not conserved (see Figure S3 ).
Transcript analysis
365
The transcript levels from the ovaries of Tel 1 and Oregon R were analyzed for 9 genes in the 366 vicinity of the Tel 1 mutation (TGT deletion), which include Ino80 and those found within its 367 introns. Quantitative PCR with cDNA from these two lines showed that there is no significant 368 difference (p > 0.05) in the expression levels between the two strains for most of these genes 369 ( Figure 6A ). The transcript level of Ino80 around the exon 8-9 junction that spans the intron 8, 370 where Tel 1 mutation is located, also showed an intact transcript with normal expression similar to 371 other parts of the transcript, indicating that the Tel 1 mutation does not interfere with local 372 splicing ( Figure 6A) . CG18493, however, showed a 15 fold lower expression in Tel 1 compared 373 to the control (p = 0.0006) and CG3734 showed a slight reduction of expression in Tel 1 ovaries 374 (p = 0.0103). Given that a 50% reduction in Tel + copy number appears to have no effect on 375 telomere length (Figure 3) , and that after a Bonferroni correction the small decrease seen for 376 CG3734 expression ( Figure 6A ) may not be considered significant, it seems likely that 377 expression of this gene is not relevant for the Tel phenotype. To analyze further the significance 378 of the reduction in the CG18493 transcript, we repeated this comparison with more control lines 379 [Oregon R, Canton S and DGRP line RAL-513, which has a HeT-A copy number near the mean 380 of the DGRP distribution (Figure 4) ]. The long-telomere line MB09416 was also examined. This 381 comparison confirmed the differences seen in the expression levels of CG18493 between Tel 1 382 and Oregon R and extended it to the two other genetically unrelated controls ( Figure 6B ). Thus, 383 the Tel 1 mutation may affect expression of CG18493 but not any of the other neighboring genes. 384 Further, the MB09416 insertion strain exhibits significantly reduced CG18493 expression (p < 385 0.05) compared with all three controls. Thus, both Tel 1 and the MB09416 insertion are associated 386 with a significant reduction in expression of CG18493, and based on their proximity to each 387 other may cause this reduction by similar mechanisms. 
439
To our knowledge, this is the first study using the DGRP collection to map a Mendelian trait 440 in D. melanogaster. The Tel 1 mutant used in this study was caught near Gaiano, Bergamo in 441 northern Italy, likely prior to 1946 . It is of interest that the natural genetic 442 diversity captured by DGRP in a Raleigh, North Carolina population was of sufficient diversity 443 to identify all of the SNPs and all but two indels within our 79 kb region defined by the 444 transposon mapping. This suggests that the DGRP will be an important general resource for 445 genetic mapping of genes in Drosophila melanogaster, even from strains not closely related to 446 the standard reference isolates. These data delimit Tel 1 to a 15 kb between inserts MI02316 and d10097 (shown as red rectangles in Figure 1A ). The relative transcript level of CG18493 was measured among different control lines.
Standard laboratory strains Oregon R and Canton S were tested as well as DGRP line RAL-513, which has a chromosomal HeT-A copy number near the DGRP mean. As the MB09416 insertion is very close to the Tel TGT deletion, it was tested at the same time and shows a reduction in expression of CG18493 compared to all of the controls. 
